Abstract. Mosquitoes of the Culex vishnui subgroup (Diptera: Culicidae) are the most important vectors of Japanese encephalitis (IE) and ricefields are their most productive breeding sites in south India, where predominant species of this subgroup are Culex tritaeniorhynchus Giles, Cx. pseudovishnui Colless and Cx. vishnui Theobald sensu stricto. The relationship of 13 abiotic variables with the abundance of Cx. vishnui subgroup immatures was investigated in transplanted rice fields for 3 years (1991-94) covering three different crop seasons. The results from the multiple regression model suggested paddy height (-ve), water temperature (+ ve), dissolved oxygen (-ve), ammonia nitrogen (-ve) and nitrate nitrogen (+ ve) to be the best predictor variables associated with the immature abundance, nearly always consistent in their effects within and between seasons. Application of synthetic nitrogenous fertilizers to the rice fields was followed by a rise in concentration of ammonia nitrogen and a subsequent increase in nitrate nitrogen level in the rice field water, during which an increase in the density of larval instars was observed.
Introduction
Japanese encephalitis (JE) has emerged as a serious public health problem in India since the early 1970s, when a series of outbreaks of the disease occurred in various parts of the country. In Tamil Nadu a large number of cases were reported from South Arcot District during the first major epidemic in the State in 1978 (Rodrigues, 1984) , and cases have occurred in every subsequent year. Members of the Culex vishnui subgroup, i.e. Culex tritaeniorhynchus, Culex vishnui and Culex pseudovishnui, are the most important mosquito vector species of JE, and ricefie1ds are the most productive source of breeding (Reuben, 1971) .
The physical and chemical properties of ricefield water exhibit marked variations during the day and during the crop cycle (Roger & Kurihara, 1988) . These changes have a tremendous impact on the relative abundance of mosquitoes breeding in ricefields. Variations occur in response to dilution by rain, dispersion of the surface soil by cultivation practices, (Rajendran, 1987) . Broadcasting nitrogenous fertilizer in ricefields was found to enhance mosquito larval populations (Simpson & Roger, 1991) . In South India, the population of culicine immatures was greatest in the fields treated with the highest dose of fertilizer (Victor & Reuben, 2000) . Source and depth of water (Collins & Washino, 1980) , temperature (Mogi, 1978) , pH, ionic composition and conductivity (Kramer & Garcia, 1989 ) are reported to influence larval density and their rate of development.
In all these studies only a limited number of factors potentially affecting larval abundance were examined at any given time. These workers have used either correlation or simple regression methods to determine the influence of various abiotic factors. It is not possible to predict larval abundance based on a few parameters, as there are a large number of contributory variables in the rice ecosystem. Therefore, in the present study longitudinal sampling was carried out throughout the complete rice growing season for 3 years, with the main objective being to determine the best predictor variables for the abundance of mosquito immatures.
Study site
These studies were carried out in farmers' fields in Soundarasozhapuram village, South Arcot district, Tamil Nadu, India. The maximum temperature ranges from 34.0 to 39.5°C, and the minimum temperature ranges from 20.0 to 23.2°C. The climate in the district is dry. Relative humidity ranges from 70 to 89%. The rainfall ranges between 1000 mm and 1500 mm, with 50-55 rainy days, with most rainfall during North-east monsoon. The hottest and driest period is April-June. The study village grows two rice crops a year, but a third crop is also raised in a limited area by a few farmers. The three crops cultivated are Kuruvai (May-September), which is a short-term monsoon crop, Samba (August-January), a long-term monsoon crop, and the summer crop Navarai (January-May). In addition to bore well water, an important source of water for irrigation comes through a canal system from Wellington reservoir (situated in the adjacent Tittakudi taluk) during the Samba crop season, when more acreage is under rice cultivation. The rice varieties grown during the study period include C036 and ADT36 in Kuruvai, Ponmani and IR20 in Samba, Jl3, C038 and ADT38 in Navarai crop seasons. Ploughing is carried out 2 weeks before transplantation of the seedling from the nurseries into the main field. The water is released and the fields ploughed again 2 days before transplantation.
Basal fertilizers like diammonium phosphate (DAP) and potash were applied during the first year of the Kuruvai crop, and only NPK complex (a combination of nitrogen, phosphorous and potash) was used in the second year. In the Samba season, zinc sulphate (ZnSO4) was also applied basally in all the 3 years of the study. In the first 2 years, DAP and NPK were applied basally, for the Navarai crop, whereas urea and ZnSO4 were incorporated basally in the third year. In all the crop seasons urea, either alone or mixed with potash, was applied as top dressing every 15 days after transplantation, for two to three times.
During transplantation, the water depth was kept at 2 cm. From 7 days after transplantation, 2.5-5 cm water level was maintained until the paddy grains appeared about one month before harvest, after which the field was not watered and allowed to dry. Insecticides were sprayed only occasionally if any pest attack was noticed.
Materials and methods
Three transplanted paddy fields were longitudinally surveyed for mosquito immatures daily for 15 consecutive days from the day of transplantation, and later twice every week till harvest. These observations were carried out for 3 years and covered three different crop seasons, i.e. Kuruvai (short-term monsoon crop), Samba (long-term monsoon crop) and Navarai (summer crop). The information regarding agricultural practices such as fertilizer application, deweeding, pesticide spray, paddy variety, etc., was noted after enquiry from the agriculturist. To take samples of mosquito immatures, a long-handled standard dipper (450 mL capacity) was employed. Twenty dips were taken in each rice field at equal intervals along the margins, except when the water coverage was reduced. Immature stages of mosquitoes were classified by genus and instar, recorded separately for each dip, and returned to the ricefield. Culicine larvae of the Cx. vishnui subgroup were identified from descriptions by Reuben (1969) . The immature mosquito population density was expressed as number of larvae and pupae per dip. As the area of water coverage in the ricefields was not uniform throughout the rice growing period, per dip density was corrected by calculating the Breeding index: density X the proportion of the total area under water (Service, 1968; Mogi, 1993) . On each survey day, a sample of late-instar larvae and pupae of mosquitoes was brought to the laboratory for rearing and species identification
On each sampling occasion, 1 L of water was collected from each ricefield, using a standard enamel dipper, from the sites where the mosquito immatures were sampled. All the observations were made at 11.00 hours. Water samples were transported to the laboratory in plastic containers and analysed immediately. The sample was fixed in the field for estimating the amount of dissolved oxygen present in the rice field water, by Winkler's method. The water samples were analysed according to the methods recommended by the American Public Health Association (APHA, 1976) . The 13 various abiotic factors estimated were paddy height, water temperature, pH, water depth, acidity (CO2), alkalinity (expressed in terms of CaCO3), total hardness, dissolved oxygen, chloride (salinity), sulphate, ammonia nitrogen, nitrate nitrogen and phosphate.
Data analysis
Multiple regression analysis by the backward elimination method was employed to obtain the best predictor variables explaining the abundance of mosquito immatures. The population of mosquito immatures was analysed after transformation to log(n + I). The SPSS/PC + statistical package version 4.0.1 (SPSS Inc. et al., 1984 -1990 was used for the analyses. In each rice growing period, early (instars I and II), late (instars III and IV) larval and pupal stages of cullCineswere grouped as separate dependent variables in the analysis.
During the mosquito immature survey, along with various abiotic parameters estimated, insect predators and phytoplankton were also counted and recorded simultaneously. During the multiple regression analysis, both abiotic and biotic components were included to determine the best predictor variables explaining the abundance of mosquito immatures. Therefore, the coefficient values for abiotic factors discussed in this paper are obtained from the model in which biotic factors were also a part. Biotic factors will be discussed in detail in a subsequent paper.
Results

. Breeding patterns of culicines in rice fields
The dominant culicine species identified were Cx. tritaeniorhynchus (55%) and Cx. vishnui (41% dominated during the first 2 weeks after transplantation, and was later replaced by Cx. tritaeniorhynchus until harvest ( Fig. 1 ). Peak numbers of total immatures of culicines did not markedly differ between crop seasons, ranging from 19.6 to 20.8 per dip. The period of their peak abundance varied and it occurred during the tenth, first and fourth weeks after transplantation in Kuruvai, Samba and Navarai crop seasons, respectively. The Breeding Index (BI) of early instars (VII) was normally more than the late instars (III/IV), except in a few instances. In the summer crop (Navarai), during the fourth week after transplantation, the BI of early instars was 6.52 2: 2.1 per dip, whereas it was 11.97 2: 5.9 for the late instars. Pupal abundance peaked in the 2nd week in Kuruvai and Samba crops; but during the 4th week in the summer season (Navarai).
Seasonal fluctuation of abiotic factors
The fluctuation in values of the various abiotic factors showed characteristic patterns in different rice growing seasons, depending on the changes taking place within the ecosystem as a result of agricultural practices. Temperature, pH, alkalinity, dissolved oxygen, salinity and sulphate values declined, and acidity increased as the paddy plants increased in height and vegetative growth from transplantation to harvest.
Paddy height
Paddy plants were transplanted into the ploughed fields when they were 20 cm high. The duration of the crop during Samba was 18 weeks, whereas it was only 12 weeks in the other two seasons.
Temperature
The highest water temperatures were recorded in the early weeks of the season. In Kuruvai, this occurred during the second week (30.0°C), whereas it was in the first week of Navarai (31.4 DC) and Samba (29.2 DC) seasons. During Kuruvai and Navarai the temperature declined gradually for a few weeks after transplantation and subsequently increased until harvest (Fig. 2) . By contrast, during Samba there was a steady decline in the water temperature from transplantation until harvest.
Hydrogen-ion concentration (pH)
Paddy field water was alkaline throughout, with similar mean values in the three crop seasons. The pH values were in the range 8.42-9.26, 7.39-9.24 and 7.57-9.27 in Kuruvai, Samba and Navarai seasons, respectively. The values declined initially and increased during the last few weeks in all the crop seasons ( Fig. 3) .
Acidity
Acidity, which is an estimate of free CO2 in the water, ranged from 0 to 97 p.p.m. The amount of free CO2 increased from the day of the transplantation and reached its highest value during the 8th week in Kuruvai and Navarai seasons and in the 13th week after transplantation during the Samba crop.
Alkalinity
Alkalinity values (CaCO3) ranged from 0 to 54 p.p.m. The values showed a decreasing trend as the crop season progressed. An unusually high rise in the concentration was recorded during the tenth week (34 p.p.m.) in the Kuruvai crop. Alkalinity was not detected after the sixth week in the Samba crop season.
Dissolved oxygen
The mean concentration in the water samples ranged from 3 to 8 p.p.m., with little variation between seasons. Dissolved oxygen showed a decline from transplantation to harvest that was well marked in Kuruvai and Navarai seasons, but was not so distinct in the Samba crop, during which the oxygen levels (Fig. 3) . Decline in the dissolved oxygen levels was due to lower photosynthetic activity as a result of decrease in algal biomass as the canopy developed.
In the summer season (Navarai), there were well marked fluctuations in salinity due to high evaporation and frequent flooding of the ricefields. The mean salinity values during Navarai ranged from 121 to 220 p.p.m.
Salinity Sulphate The level of salinity also showed a diminishing trend from the day of transplantation in all seasons. In Kuruvai season the value ranged from 108 to 220 p.p.m. and the decline in values was gradual. During the Samba crop, there was a steep decline from the first week to the seventh week, after which the concentration was stable, with minor fluctuations at a low level. Due to heavy and frequent downpours during this season salinity was comparatively low, ranging from 42 to 150 p.p.m. sixth (1.1 p.p.m.) week during the Kuruvai, Samba and Navarai seasons, respectively.
Nitrate nitrogen Ammonia nitrogen
Ammonia was frequently detected in the water samples after the application of nitrogenous fertilizers in the paddy field. In all crop seasons an initial low concentration was detected during the first week after transplantation (Fig. 4) . Peak values were observed in the third (4.4 p.p.m.), fifth (1.5 p.p.m.) and As observed for ammonia nitrogen, nitrates also were recorded after nitrogenous fertilizer application, in the early part of the crop cycle. In Kuruvai and Navarai, a second peak (0.4 p.p.m.) during the lIth week was observed, even though fertilizers were not applied (Fig. 4) 
Phosphate
Phosphate was recorded only on 14 occasions during Kuruvai and only twice during Samba, but in negligible concentrations.
Influence of various parameters on abundance of culicine immatures
Multiple linear regression using the backward elimination method was employed to analyse the combined effect of various abiotic (13) and biotic factors (five predator variables and three phytoplankton) on the early and late larval instars and pupal stages of mosquitoes. This meant that variables in each equation were removed in each step of the method, if their adjusted partial correlation coefficient was no longer significant (P > 0.05). All the data from eight rice growing periods covering all three crop seasons were used. Three separate multiple regression equations (for the early and late larval instars and pupae of culicines) were obtained for each of the eight observation periods. All the multiple linear regression[ l.
e:-w !;( 0=: !::: z equations obtained were significant (P < 0.05) and often highly significant, except for pupae in the first year's summer crop. During the first year fewer variables (15-10 abiotic and five biotic) were factored in analysis, the percentage of explained variance (22-41 %) was found to be less than that obtained in subsequent years. During the second year, three biotic variables were included, and in the third year an additional three abiotic variables were added in the analysis. Hence, the equation explained a higher proportion of variance in these two years (0.39-0.75) ( Table 1) . Beta coefficient values relative to individual abiotic factors for each of the three crop seasons are tabulated in Tables 2-4 . The full equations are provided in Appendices 1-3.
Water depth. This was negatively related to the mosquito immatures on five occasions in Kuruvai and Navarai seasons, and only two positive relationships were observed during the Samba crop.
Paddy height. Immature abundance was negatively correlated (12 occasions) to the height of the paddy plant in all the three seasons studied.
Temperature. The temperature of the water generally influenced immature abundance positively, which was well marked in the summer crop (Navarai). This parameter showed an inverse relationship with the larval instars during one of the two Kuruvai crops studied.
Hydrogen-ion concentration. An equal number of positive as well as negative coefficients were obtained for culicines against pH.
Hardness/acidity/alkalinity. Acidity, alkalinity and total hardness were estimated only once in each season. The first showed a positive relationship with immature stages during Navarai crop, whereas the second showed either a negative effect or no significance. A positive relationship between hardness and mosquito abundance was obtained in the Kuruvai and Navarai seasons. There was no influence of hardness during the Samba crop.
Dissolved oxygen. Oxygen dissolved in water had a consistent inverse relationship to immature density, which was well marked for the later aquatic stages during the shortterm and long-term monsoon crops (Kuruvai and Samba). No significance was seen against any of the larval instars in the summer season (Navarai), but a single negative coefficient value for pupae.
Salinity. Presence of salinity in the water generally seemed to influence larval abundance positively.
Sulphate. Sulphate concentration had a significant negative impact in Kuruvai and Navarai seasons, whereas the effect was positive during the Samba crop.
Ammonia nitrogen. A negative impact was noticed during the Kuruvai and Navarai crop, which was well marked in the latter season (in five instances). During Samba, early instars were positively associated with Ammonia, in one of the three years studied.
Nitrate nitrogen. There was a distinct positive influence on the mosquito immatures (seven instances). This was particularly marked on the early larval instars.
Phosphate. This factor had a positive influence on the late aquatic stages of mosquitoes in Samba and Navarai. In Kuruvai, phosphate was not recorded and the significance could not be determined.
Discussion
The multiple regression equations obtained during the present study were frequently highly significant and explained up to 78% of the total variance in abundance of culicines in rice fields. However, they were too variable to be of predictor value. The influence of some factors varied between seasons and also between different years in the same crop season. Some physico-chemical factors exerted either a positive or a negative influence on the immatures at different times, but there were instances when no impact could be demonstrated (beta coefficient = 0). This variation was to be expected because of the complex nature of the interaction between some of the factors in the ecosystems (Pitcairn et al., 1987) .
The physico-chemical parameters studied can be categorized into three groups, which are interdependent. The first includes paddy height, water temperature and water column. The first two have an inverse relationship. As paddy stands increase in height the amount of sunlight reaching the water surface is reduced, resulting in lowered temperature. Mosquito immature population declined with the growth of the paddy stands. This decline could be due to a decrease in the water temperature and sunlight, and a resultant decline in the growth of microorganisms upon which the mosquito larvae depend (Ramachandra Rao, 1984) . The maturation of the paddy stands may also be obstructing oviposition, as Cx. vishnui was found to prefer rice fields with little emergent vegetation (Reuben, 1971) . Frequent drying of the fields during the latter part of the rice growing season may also contribute to the smaller numbers of mosquito immatures at this time. In all seasons, paddy height showed well marked negative beta coefficient values for culicines. A similar inverse relationship was observed by Kramer & Garcia (1989) for Cx. tarsalis. Temperature generally influenced the mosquito immatures positively, and this was more pronounced during Navarai (summer crop). The height of the water column exerted a significant positive influence on immature population only during Samba crop, when heavy rain raised the water levels, but a negative relationship was sometimes obtained during the other two seasons. A positive influence was observed on An. freeborni by Kramer & Garcia (1989) Upper value is July 1992 (n = 84).
tRZ, proportion of variance explained.
Lower value is July 1994 (n = 93).
:j:P,significance level for the equation. ND, not done. NS, not significant (P > 0.05). working with a range of water columns of 15-35 em, much higher than recorded in the present study (6-9 em). The second group of interlinked factors are pH, acidity, alkalinity and dissolved oxygen. Acidity in water is due to the presence of hydrolysed ions, mineral salts and free COz, all of which affect pH measurements. Equal numbers of positive as well as negative beta coefficients were obtained for culicines against pH. There was a marked negative correlation between concentration of dissolved oxygen and culicines in Kuruvai and Samba seasons. pH and dissolved oxygen are positively related (Roger, 1987) and both demonstrated a downward trend as the paddy plants matured. Senior-White (1926) reported Cx. vishnui from hyper-oxygenated water and Cx. tritaenior- hynchus larvae in water of low oxygen content. Cates (1968) found Cx. vishnui in habitats with pH 8.6, whereas Cx. tritaeniorhynchus was found in fields with pH less than 6.0. Takagi et at. (1997) also observed Cx. tritaeniorhynchus larvae in habitats with lower pH values. The higher requirements of Cx. vishnui for dissolved oxygen and pH are probably responsible for its dominance in the first 2 weeks after transplantation, as observed in this and other studies in South India (Reuben, 1971; Rajendran & Reuben, 1991) . In the present study, the two species were analysed together and therefore specific differences could not be fully explored. Even though total hardness exerted a positive influence on the mosquito immatures, this parameter and salinity do not seem to playa significant role.
The third group of parameters, which is of paramount importance, consists of ammonia nitrogen, nitrate nitrogen, sulphate and phosphate. These factors fluctuate greatly in the rice field ecosystem after the application of fertilizers incorporating them. Ikemoto & Sakaki (1979) observed a positive relationship between ammonia nitrogen in rice field water and larval abundance. Broadcasting of inorganic nitrogenous fertilizer was found to enhance the mosquito larval population (Simpson & Roger, 1991) . A study in Madurai, South India (Victor & Reuben, 2000) found that the application of inorganic fertilizers increased the abundance of Cx. vishnui group larvae in rice fields in a dose-related manner; and breeding was significantly lower in fields where organic fertilizers such as farm yard manure and green manure were used. Mogi (1978) suggested a relationship between fertilizer application and increased pupation rates. Fertilizer application accelerates the multiplication of microorganisms, which form the main diet of mosquito larvae. Sunish et at. (1998) has shown ammonia nitrogen to be an oviposition attractant. Some days must elapse for larvae to hatch, by which time the decomposition of ammonia nitrogen to nitrates takes place. Fertilizer application was therefore followed by a rise in concentration of ammonia nitrogen in the rice field water and a subsequent increase in larval density (Fig. 5 ). Nitrates were detectable only a few days after the appearance of ammonia. Thus, negative coefficient values with ammonia nitrogen for culicines could be demonstrated, whereas nitrates exerted a positive influence. During the study period, sulphate fertilizer was applied basally during the Samba crop season, and it was in this season that a positive influence was demonstrated on culicines. In the other two seasons the sulphur-acting bacteria in the soil were mainly responsible for the sulphate in the water, and a negative affect was observed. Among the parameters studied, paddy height (-), temperature (+), dissolved oxygen (-), ammonia (-) and nitrates (+) influenced culicine population in a clear and consistent manner, and therefore can be considered as good predictor variables. These, as well as biotic factors, can be used to develop more sophisticated models, which should also distinguish between Cx. vishnui and Cx. tritaeniorhynchus. The latter species has considerably different breeding cycles in different geographical areas, related to different agricultural practices. In all three crop seasons, Cx. vishnui predominated during the early phase of the cultivation cycle, as also observed by Reuben (1971) in Southern India, whereas in the Philippines the peak density of this species occurred in nurseries (Mogi & Miyagi, 1990) . Culex vishnui was later replaced by Cx. tritaeniorhynchus, which dominated until the end of the rice growing period. This has also been reported by Reuben (1971) and Rajendran & Reuben (1991) . The latter species has been found to occur abundantly in fallow fields in the Philippines (Mogi & Miyagi, 1990) , in China during heading (Luh, 1984) , and during ripening and after harvest in Sarawak (Heathcote, 1970) . Takagi et al. (1997) pointed out that modification of agricultural practices could possibly reduce the abundance of Cx. tritaeniorhynchus. To do this successfully requires a holistic understanding of the factors affecting abundance. This paper on the abiotic factors will be complemented by our findings on the influence of biotic factors (Sunish & Reuben, 2002) Variables entered in the equation: WD, water depth; PHT, paddy height; pH, hydrogen ion concentration; TEM, temperature; DO, dissolved oxygen; HAR, hardness; ACI, acidity; ALK, alkalinity; SAL, salinity; SUL, sulphate; AMM, ammonia; NIT, nitrate; rHO, phosphate; NN, notonectid nymphs; NA, notonectid adults; DYT, dytiscids; ANI, Anisoptera; ZYG, Zygoptera; DIA, diatoms; BGA, blue green algae; GA, green algae. ....,
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